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ABSTRACT *1

Using Poeverlein's graphical method, three dimensional ray path

calculations are performed to evaluate the path-inteirrated growthi of

auroral kilometric radiation (AKR). The ray tracing results indicate

that waves whose initial wave vector lie in the local mridian plant,

continue to propagate In that plane and that among these waves, thsc

with frequencies near the cutoff frequency (fR=O) refract substan-

tially, whereas those with frequencies well above the cutoff frequency

suffer little refraction. It is also shown that waves whose initial

wave vector lie outside of the local meridian plane propagate in (he

longitudinal as well as the radial and the latitudinal directions. The

refraction of these waves is also highly dependent upon the wave fre-

quency, i.e., waves with frequencies near fR=O refract substantially,

whereas waves with frequencies much above fR=6 undergo little refra'-

tion. In order to test the electron cyclotron maser nchanism as a

method for generation of AKR, a typical electron distribution ftnction

measured in the auroral zone by the S3-3 satellite, is used to calcu,-

late path-integrated growths of representative rays. The results of

this study indicate that electron distribution functions like those

measured by the S3-3 satellite are not capable of amplifying cosr.li

noise background to the observed intensities of auroral kiloonric

radiation, and that much steeper slopes at the edg, of the loss

i 'I



cone are required. The presence of such distribution functions in the

atiroral zoiie ts plausible If one assumes that hackscattered electrons

In this region have energies less than a few hundred eV.
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I. INTRODUCTION

Among the many theories proposed for the generation of auroral

kilometric radiation (AKR), the one suggested by Wu and Lee [19791 has

been most consistent with the particle and wave observations in the

auroral zone. In this theory mildly relativistic electrons with a loss

cone distribution amplify right-hand polarized extraordinary (R-X)

waves via the cyclotron maser mechanism. Observations of auiroral kilo-

metric radiation indicate that AKR consists of both right- and let 1-

hand polarized radiation, with the most intense and dominant vompol)en

of this radiation in the R-X mode [Gurnett and Green, 1978; Kaiser et

al., 1978; Benson and Calvert, 1979; Shawhan and Gurnett, 1982].

Measurements of the electron pitch angle distributions in the auroral

zone by the S3-3 satellite have confirmed the existence of loss cones

in the upgoing side of these distributions [Mizera and Fennell, 1977;

Croley et al., 1978].

In the past few years much work has been done to further deve lop

the work done by Wu and Lee [1979] and improve our tinderstandliii, (f tIlv

cyclotron naser mechanism [Lee and Wu, 1980; Omidi and Curnett, 1992;

Wu et al., 1982; Melrose et al., 1982; Dusenbery and Lyons, 1982;

Hewitt et al., 1982; Hewitt and Melrose, 1983; Leueaui or al., 1983;

Omidi et al., 19841. In these works the relativistic cyclotron rso-

nance condition has been extensively studied and its properties are now
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well understood. Furthermore, in order to improve the growth rate

calculations done by Wu and Lee [19791, more accurate expressions for

the growth rate, and more representative distribution functions have

been used. For example, Omidi and Gurnett 119821 and Omidi et al.

11984) used a typical electron distribution function measured by the

S3-3 satellite to calculate growth rates of AKR. Wu et al. [1982] and

Melrose et al. 119821 have also computed growth rates by using model

electron distribution functions based on measurements of the S3-3 and

ERSO 4 spacecrafts, respectively. The results of these growth rate

calculations have shown that waves with frequencies near the electron

gyrofrequency and large wave normal angles, can grow to large ampli-

tudes by extracting the free energy of the electrons in the loss cone.

However, as was pointed out by Omidi et al. [1984], the fact that

only waves with large wave normal angles can be amplified has raised

the question as to whether refraction of waves in the source region can

hamlper Lheir growth. In order to answer thls question, it is necessary

Lo calculate the path integrated growth of these waves and see whether

an overall amplification is obtained or not. In this paper, three

dimensional ray path calculations of the auroral kilometric radiation

are performed by using Poeverlein's graphical method. This method

employs the fact that as rays propagate in a plain stratified medium,

the components of the wave vector (k) in the stratified plane remain

constant. The results of this ray tracing study indicate that waves

with frequencies (f) near the local R-X cutoff frequency (fR-0) suffer
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the most refraction and as f gets larger the amount of refraction

becomes less.

In order to compute the path integrated growth of the waves, it

has been assumed that the electron pitch angle distribution remains the

same along the ray path, and therefore the only parameters that change(

are the electron plasma frequency (fp), the electron gyrofrequency

(fg), the group velocity (vg), and the wave normal angle ( ). The

expression for the growth rate and the electron diitribution function

used in computing the growth rates are the same as those given in Omidi

et al. 11981).

Computations of the path integrated growth of AKR have shown lli;t

while the S3-3 electron distribution functions are unstable, they are

not capable of providing sufficient amplification for the kilometric

radiation. Using two modified electron distribution functions with

(F)
much steeper slopes (-) at the edges of the loss cone, it is

demonstrated that the cyclotron maser mechanism can he a viable genera-

tion mechanism for AKR if electron distributions with larger slopes

(-I )exist in the auroral region. Since measurements of sharp edges

in the distribution functions are extremely difficult, one cannol rul-

out the possibility of their existence based on the present slpacavrlfIl

data. Some elementary theoretical considerations seem to indicate that

electron distribution functions with much steeper slopes at the edge of

the loss cone may exist If one assumes that all the baekscattvrvd le-

trons have energies less than a few hundred eVs.

L1
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II. RAY TRACING

In this section Poeverlein's graphic method of ray tracing is

briefly discussed, and the results of the three-dimensional ray

tracings for the auroral kilometric radiation are presented.

In Poeverlein's graphic method of ray tracing it is assumed that

waves propagate in a plane stratified medium. This method utilizes the
+

fact that although the wave vector k changes along the ray path, the

components of k in the stratified plane remain constant.

For the model used in this paper, it is assumed that the stratified

plane (x, y) is perpendicular to the gradient of the magnetic field

(VB) as shown in Figure la. This model is justified by noting Ihalt

since in the attroral region the fp/fg ratio Is usually very smil I

(fp/fg K .), [Benson and Calvert, 1979], small variations of thi,

electron density can he ignored. The refraction of the waves is then

mainly determined by the geomagnetic field, which is assumed to be

dipolar. In Figure la, (i, j, k) forms a Cartesian coordinate system

in which k is along the magnetic pole and (i, J) lie in the magnetic

equator. The origin of the (x, y, z) system is the launching point for

all the rays and in this study it is located at a radial distane', of

R = 13,940 kin, a magnetic latitude of A = 70' and a magnetic longitt|de

of 1, = 0' . Note that the (y, z) plane lies on the (k, ) pi n.. whi.h

del I nts a magnet I(- ntridlan.
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Since the refraction of waves is assumed to he controlled by the

Earih's dipole magnetic field, the model for the electron density used

in the present study is a simple one. The fp/fg ratio is kept at 0.05

throughout the region where the ray tracing is performed. This model

I s couiistent WiLth the fact that gradients In the electron densitv

should have it negligible effect on the ray path when fp/fg ratio is

small. It should, however, be mentioned that this simple model ignores

the density enhancements within the auroral plasma cavity reported by

Benson and Calvert [1979]. These density enhancements could result in

parLial reflection of the waves, as suggested by Calvert [1982] in his

laser feedback model of AKR. We will come back to this point later.

As mentioned earlier, the origin of the (x, y, z) system is the

I,-iiechiI ng point for all rays. Once the wave frequency and the

dir ,ct Ion of k are chosen, the components of the Index of refraction

vector, N u-along the x axis (Nxo) and the y axis (Ny0 ) are

determined and remain unchanged along the ray path. As the ray is

stepped forward along the group velocity vg (which is perpendicular to

the index of refraction surface) a new value for the index of refrac-

tion is computed. By constructing a new coordinate system (x', y', z')I . A
parallel to (x, y, z), with its origin located at the new position of

the ray, new values of the wave normal angle j and the azimuthal angle

,.(see Figure Ib) can be determined such that the components of N in

the x' and y' direction are Nx0 and NY. , respectively. Note that

although at the launching point, B is in the (y, z) plane, at
4

subsequent points along the ray path the local B will not lie in the

iA
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(y', z') plane unless initially 0 0, in which case the ray propa;,at Ps

in the meridian plane.

Before illustrating specific rays that were computed in this

study, it is helpful to reviev, the general results which are summarized

in Figure 2. This figure shows the ray paths for four waes with

different frequencies and initial k direction, all starting from the

same point. Rays (a) and (b) lie in the front meridian plane (i.e.,

initial 0 and k has no longitudinal component). Ray (a) has a frv-

quency near the cutoff frequency and is refracted considerably, wher,;i:;

ray (b) which has a frequency much above the cistof t frequienc'y siil I i-s

much less refraction. This dependence is easily explained hy noting

that initially, the index of refraction N of ray (a) is very smail-(dute

to the fact that f is near fR=O) and therefore the components of N in

the stratified plane are very small. As ray (a) propagates, N gets

larger and in order for the components of N in the stratified plane to

remain constant, the wave normal angle 9 has to decrease (note that

B is nearly perpendicular to the stratified plane, i.e., in Figure Ib

is small). Ray (b) on the other hand has N - I and its index of

refraction does not change appreciably as it propagates. Therefore, It

will not suffer as much refraction. Rays (c) and (d) whose Initial 1(

do not lie in the front meridian plane (initially 4 = 90o) propagate in

three dimensions from the front towards the back meridian plane. Again

ray (c) with a frequency near the R-X cutoff frequency refracts stib-

stantially, whereas ray (d) which has a frequency well above the critoff

frequency travels longitudinally without too much refraction. As can
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ht, seen in Figure 2, rays (a) and (h) which inititally have

propagate only in the radial and latitudinal directions, whero;.,; ri's

c) and (d) propagate mostly in thle longitudi nal and radial di rectitns.

Thus, as the initial value of - increases, the rays travel more in the

longitudinal direction and less in the latitudinal direction.

Having described the general behavior of the R-X mode waves in the

AKR source region, we now focus on six specific waves whose frequency

and initial k direction are shown in Table 1. The ray paths of these

wavs are representative of the different types of ray paths that are

ohserved. In Figure 3 the variations of the wave normal angle j as a

I ,nct ion of path length are shown. The total path length for each ray

shown in this figure is 100 kin. From Figure 3 one can draw the follow-

lng conclusions. Clearly rays #1 and #2 whose frequencies are near the

cutoff frequency fR=O, suffer substantial refraction, whereas rays #3

through #6 whose frequencies are well above fR=0, do not suffer as much

refraction. It is also evident that much of the refraction occurs in

the first twenty kilometers of the ray path. As will be seen later,

this effect plays a crucial role in preventing waves from getting

amplified. Another point to notice in Figure 3 is that two rays with

the same frequency but different initial azimuthal directions . are

refracted differently, with the wave propagating in the meridian plane

suffering more refraction. The reason is that for a ray travelling in

the meridian plane the magnitude of B changes more rapidly than for a

ray propagating in the longitudinal direction. However, this differ-

ence in refraction is not substantial, and as will he shown later it

does not lead to markedly different path integrated growths.



In Figure 4 the variations of the magnetic longitude and Ilit ittide

of each of the six rays for a path length of 400 km are shown. Ti v

starting point for all the rays is at a latitude of 700 and a Lorigi tutdc

of 00. The fact that rays #2 and #4 are propagating in the meridian

plane is obvious. Note that since ray #2 undergoes more refraction

than ray #4, it does not extend to as low a latitude as does ray #l4.

In other words, ray #2 refracts upward much more than ray #4. It is

evident in Figure 4, that rays #5, #3, and #1 with their initial =

9Q0' travel mostly in the longitudinal direction with ray #1 propagat-

ing a bit more in the latitudinal direction due to more refraction.

Finally, ray #6 whose initial azimuthal angle Is 20', travt'ls hothl

in the longitudinal as well as the lat it i a] Idi ret! ion!; .

Having seen the general behavior of the waves 17n the ;inrorill

region, we now proceed to evaluate the growth of these wav'es by the

cyclotron maser mechanism.

r" -i.
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111. PATH INTEGRATED GRO11THS USING MASURED DISTRIBUTION FUNCTIONS

As was mentioned earlier, although the electron distribution futc-

tions measured in the auroral region are unstable and have large growth

rates in certain frequency ranges, a large growth rate by itself is not

sufficient to insure that the waves will grow to sufficiently large

amplitudes along the ray path. To demonstrate this point, the growth

and damping rates of AKR as a function of frequency for four different

wave normal angles are shown in Figure 5. These growth rates were

computed by using the electron distribution function neasured by t.

S3-3 satellite (see Figure 6) and the method of calculation given in

Omidi et al. [1983]. From Figure 5 it is clear that substantial growth

rates can be obtained only when U - 80. When 9 < 70' all waves are

damped. The reason is that as G gets smaller most of the resonant

electrons lie outside the loss cone region where (F--) is negative

(see Omidi and Gurnett [19821). Thus, the only way that waves can grow

to large amplitudes is if the ray paths are such that ) remains close

to 800 for a considerable length of time. To see if such waves Indood

occur, we have calculated growth factor (C) defined as:

G - exp[gi , (I)
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whee L "i( '')

0 g

is the exponential gain factor. i(;.') and vg(') are the imaginary

part of the frequency and the group velocity as a function of distance,

respectively, and L is the path length. The growth rates j(,') are

computed in the same manner as in Omidi et al. 11984). The group

velocity vg is given by

v (( '  + ()-/ +(2)
k

where (-k) and -- ) are found by using the dispersion relation obtained

in the cold plasma approximation. The value of v is zero when

f = fR=O and rapidly approaches the speed of light as ,%f - (f - fR=O)

increases (see Dusenbery and Lyons (19821).

Intensity measurements of AKR indicate that the growth of the

'-osmir noise background electric field by a factor of G = e l'i is

sufficient to account for the observed intensities of the kilometric

radiation, i.e., g -10 gives the required amplification. In Figure 7,

a plot g vs. L for the six different rays discussed in the last section

are shown. In order to calculate g, it has been assumed that electron

distribution functions similar to that shown in Figure 6, exist along

the ray path. Figure 7 clearly illustrates that rays #1 and #2 with

frequencies near the cutoff, suffer heavy damping due to the rapid
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refraction that they undergo. In other words, although the'iv r v,;

start with 5 sufficiently near 900 for large growth rates they anm.

maintain these wave normal angles long enough to be amplified. 'Is,)

note that although ray #1 propagates in the longitudinal 1i rect i-n, Ift

damping is similar to that of ray #2 which propagates in the meridian

plane.

As can be seen in Figure 7, rays #3 and #4 which suffer oioh loss

refraction are initially amplified but are later absorbed. The n.1xi'uin

g for these rays is less than 0.5. Therefore, the initial ;grgJwlhs; )I

these rays are not anywhere close to the growth recpiired Io airril for

the intensities of AKR." Similarly, rays #5 arid #6 aro ri t lallv impi-

fied and suffer subsequent damping. These rays, however, are -implifiel

less and propagate a larger distance before getting damped. A vomrpar-

ison of g between rays #3 and #4 or #5 and #6 demonstrates that rays

propagating in the longitudinal direction travel a larger diqtane

before getting absorbed. This occurs because for a given freqnuu'wy

waves propagating in the longitudinal direction suffer less refrar'! ion.

-
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TV. PATH INTEGRATED GROWTHS WITH ARTIFICIALLY

STEEPENED VELOCITY GRADIENTS

Judging from the results shown in Figure 7, it seems certain thar

with electron distribution functions like those measured by the S3-3

satellite, the cyclotron maser mechanism cannot account for the

generation of AKR. Thus, if the cyclotron maser instability Is to

remain a viable mechanism for the generation of AKR it is necessary For

the electron distribution in the loss cone to have steeper slopes ( -)

than those measured by S3-3 satellite. Since wave particle inter-

actions tend to fill in the loss cone via pitch angle scattering, thus

reducing the velocity space gradients, it is possible that electron

distribution functions with steeper slopes do in fact exist. Further-

more, because of the itmitations imposed by the angular (fields of view

are 70 x 100 FWHII) and temporal (20 see. for a complete angular distri-

bution) resolution of the S3-3 particle instrumentation, it is possIhi-,

that electron distribution functions with velocity gradients mnioh

steeper than those shown in Figure 6 exist, but are not dotected. II

this section we estimate the minimum velocity space gradients in the

loss cone that would be required to amplify the cosmic noise backgrounl!

to the observed intensities of AKR.
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To construct electron distribution functions with steeper slopes

(-- -) in the loss cone than those measured by the S3-3 satellite, we

,V:'d flit to) lowing approach. Generally speaking , tile e, -ctruns In ithe

loss cone can he broken into three separate popilat ions. one population

O' nls st ng of the electrons that were pitch angle scattered into the

loss cone via the wave particle interactions; the second population

being composed of the backscattered electrons; and finally, the third

population consisting of the electrons with ionospheric origin. The

electron distribution function shown in Figure 6 was measured in the

auroral region and at tile radial distance of about 2.2 Rf. where an

electrostatic potential drop of about I kV with respect to the top of

the ionosphere Is believed to exist [Croley et al., 19781. Since rMst

idt he Iv oro;pherIc cil ,trons have energies less than I keV, then one

ran assume that these electrons will not be able to reach the S3-3

satellite. As for the backscattered electrons, a detailed study of the

collisions of the downgoing electrons with the particles in the iono-

sphere is required to determine their energy spectrun. Since such a

study is beyond the scope of this paper, we simply assume that the

backscattered electrons at the height of the S3-3 satellite have ener-

gies of a few hundred eVs or less so that they do not resonate with

waves. Based on this assumption, all the high energy electrons in the

loss cone are due to pitch angle scattering. Therefore, the electron

distribution function prior to wave particle interactions must have had

an empty loss cone. However, even If tne loss cone is empty, a limita-

tion still exists on the steepness of the loss cone because the

"iI
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absorption in the atmosphere is not an abrupt boundary. This, limit;i-

tion may be analyzed in the following way. At high altitudes the olvc-

trons are collisionless, however, as they approach the inospher, the,

reach a point on the field line (M1 ) where collisions with particos in

the atmosphere start to become important. This point can he taken 1o

be the mirroring point for the electrons and defines the loss cooe

angle al. It is obvious, however, that not all the electronns pass i g

this point will immediately suffer a collision, and therefore sonet ol

these electrons dill mirror back before suffering a coilisin. We TIow

define a second point 7-12 on the same field line and helow M, su(h I hat

all the electrons passing Ml will either be mirrored back or scaftvtrod

before reaching r12, i.e., the distance between HlI and t2 is on tht'

order of an electron mean free path. We denote this distance by \M.

Point r-12 defines a loss cone angle '-2 below which essentially no par-

ticles exist in the loss cone. Since some electrons passing the point

M1 are scattered while others are irrored before reaching 112, one can

see that the electron distribution in the loss cone drops abruptly as

one goes from %I to '12. This scattering process can be used to put a

limitation on the steepness of the slopes at the edge of the los!; -or'.

Clearly as P1l and ?12 approach each other then (-.-- becomes oU tnfinitvm

and as the distance between Ml and M2 increases the gradtients becon

less steep.

To properly construct a model electron distribution functon, it

is necessary to consider the effect of a parallel electric field.

_L -
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Persson [19661 used the -onservatton of energy and the first

ad i .b; Ic ' I niv;rlI an to show that In the lrtsi.enc. , ( para I lel Iel,('t ri c

fields , the loss cone boundary is defined by a hyperbola (see Figure 6)

given by

v I + - - V) = 0 (3)J 'B L

where vil and v are the electron velocity components parallel aid per-

pendicular to the magnetic field, respectively; BZ and B are the mag-

netic field at mirror point and the observation point; V, and V are the

electric potential at the mirror and the observation points, respec-

tively; m is the electron mass, and e is its charge. Since B is

mtaisured by the S3-3 satellite, one only needs to know B, and .V (v..

-V) to deterifne the loss cone houndary given hy Equation 3. As was

mentioned earlier, typically 'W = 1kV. Location of MI on the other

hand ts not exactly known and it can vary between lO to 300 km above

the Earth's surface. Note, however, that since Bj does not change

appreciably within this height interval, the loss cone boundary corre-

sponding to t] can be adequately determined by assuming il to be at an

altitude of 300 km. This boundary is shown in Figure 6.

In order to construct an electron distribution function F(v,i)

(where v is electron velocity) with steeper slopes in the loss cone

than those in the S3-3 distribution function, point M 2 is chosen and

the loss cone boundary corresponding to this point is determined. It

Is then assumed Lhat F(v,,) is zero on and below the loss cone boundary
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of M2 and that it rises linearly with v and A to the values of the 3-i 3

distribution on the loss cone boundary of MI . F(v,u) outside the loi;,;

cone is the same as the S3-3 distribution function. The assumption

that F(v,x) rises linearly with v and x between the two loss colic

boundaries can be justified by noting that these two boundaries arre

extremely close to each other and, thus, in an expansion of F(v,,,)

between these two boundaries the second and higher order terms can be

ignored.

In order to find the minimum slopes in the loss cone that are

required to result in a gain factor of g - 10, 11 has been varied

between 3 and 100 km. An estimate of a reasonable value of %M will he

given later. In Figure 8 the growth rates resulting from a distrihii-

tion function with AM = 3 km are shown (run #12). The difference

between these growth rates and those shown ir 1'igurr' ' Is Ftirgkl. ,. An

can be seen, large growth rates are obtained even when t < 70'. TI

reason is that, although for 'J < 70' most of the resonating electrons

are outside the loss cone region where (2F) is negative, the large and

JF
positive (--V ) at the edge of the loss cone can easily overcome these

L
negative contributions, and result in an overall growth for the waves.

Note that wi = 0 when the resonance ellipse falls below the loss cone

boundary corresponding to point M2 , because there are no elctroins

below this boundary. Note also that the two loss cone boundaries

corresponding to N I and M 2 are so close that they coil d not be t.,0.n1v.,l

in Figure ), and that at a given velocity the difl ero v I. liI 14 le I;!;

cone angles ,, = a- 1%2 is on the order of 10 - , degrees.
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The path Integ rated growths ot ray.s #1 through #6 for tihe Case of

A,,M = 'I km (ruI I2) .re, showi I In i tg re ). It 4'-;M ho, sect that rays 91

and #2 whose group velocity is much less than the speed of light are

greatly amplified within a very short distance (L - kin). On the

other hand, rays #3 through #6 with vg closer to the ,peed of light

take a longer distance for a simi lar amplification. At any rate, it is

obvious that all six rays are suffilciontly amplified (g 1W) within

2 - 20 kin, and thus the electron distribution funCtion modeled byN

taking AM = 3 km is easily capable of generating AKR.

Similar calculations with H at difterent positions have showni

that the (I t ri but tion ftin't Ion wi th th,, mini mum retqui red slope!4 In t he

Ion;s cone Is obtained when '1I = 7(0 km (rui #3) which vrresponds to

0.") degrees. The ..-owth rate.s for this case are shoWTn In Figu res

IP and I1 for 'i varying from 80' down to 35'. Note that In this ,,,e

both growth and damping can occur, depending upon the wave frequency.

In the paper by Oridi and Gurnett 1192] a qualitative picture was

given as to why two regions of growth and one region of damping are

obtained (see Figure 5a), when the 53-3 distrihuton function Is used

to calculate *.. It was showi that for wave frequencies within the

first or second growth regions most or all of the resonance ellipses

fall inside of the loss cone, whereas at frequencies within the danping

re-gion. most of the resonance ellipses fall outside of the loss cone,

and It(-nee waves at these frequencies are damped. However, in the case

ot the growth rates shown in Figures 10 and II, a stmitlar argument does

ntot apply because of the absence of any electrons below the loss cone

bondary of !1,. While in this case a qualitative picture for the
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behavior of the growth rates does not exist, close examination of the

growth rate calculations indicate that the presence of trapped evlc-

trons in the distribution function plays an important role in the OVe'r-

all growth rates of the waves. In other words, while (--) is large

and positive at the edge of the loss cone, it is not large enough to

always overcome the negative -) outside the loss cone, and thus
JvI

whether the resonance ellipse for a particular frequency falls In the

regions of positive or negative (--v) in the trapped part of t

distribution function, can affect the outcome of the. growth rate

calculations for that frequency.

The path integrated growths of rays #1 through #6 correspond-

ing to run #3 are shown in Figure 12. In this case rays #1 and #2 can

be sufficiently amplified (g - 10) within 70 km. but on the other hand

rays #3 and #4 are initially amplified and suffer subsequent damping.

The reason for this difference can be seen by noting that for large Y

fg/f (Y > .99) growth can only be obtained when f) 80po or 1. < 60'.

Since rays #1 and #2 suffer extensive refraction their wave normal

angles soon become less than 600 and can therefore he amplified. The

fact that these rays have group velocities much less than c also help,;

to reduce the path lengths required to obtain sufficient amplification.

Rays #3 and #4 on the other hand do not suffer much refraction and

therefore their wave normal angle will not go below 60. These rays

are therefore initially amplified (when - - 800) but as they propagate

they begin to damp. Rays #5 and #6 suffer even less refract Ion than

rays #3 and #4. Therefore, it takes a longer distance before they

L A-- -
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begin to damp. It is clear from Figures 10 and 11 that rays with

Y < .99 and initial (0. 75' (not traced in this study) may also be

amplified. However, since the group velocities of these waves would he

close to the speed of light, the path lengths required for sufficient

amplification would be on the order of 1000 km which is much too long.

As was mentioned earlier, the smallest velocity gradients in the

loss cone which allow for sufficient amplification of AKR correspond to

0.5 degrees. To see if such a .'-x is reasonable, the mean free

paths of the electrons (q,) as a function of height and electron energy

have been computed. These calculations were performed by using

ionization cross sections of 02, N2 , and 0 given by Equation 5 in Banks

et al. [1974] at electron energies of 0.5 and 5 keV. The atmospheric

neutral densities were obtained from the COSPAR International Reference

Atmosphere, 1972. In Figure 13, two plots of . vs. altitude are shown

for ;in electron energy of 5 keV. The mean free paths of 0.5 keV

cl,,ct runs arre smaller by about a factor of 5. In panel (a) of Figure

13, the "maximal" model of the atmosphere was used to determine the

ncutral densities as a function of height, whereas in panel (b) the

"minimal" model was utilized.

Using the electron mean-free paths shown in panel (a), we have

calculated the electron reflection coefficient r defined as:

n
r (4)

0

k A

7 i
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where nr is the density of the reflected electrons at a given energy

and pitch angle and is given by:

+s ds '
n = n expL-2 J( )

r o o

In Equation 5, no is the electron density at a given energy and pitch

angle at the height where the electron mean free path is essentially

infinite (in this study altitude of 700 kin). Also, s corresponds to

the distance travelled by the electrons along their helical orbit

before they are mirrored back. The factor of two in the exponen ial

accounts for the scattering of the electrons after they are mlrrored

back. Note that because the electron orbit is a fininc ion of hoth

energy and pitch angle and also Z is a funct ion of energy, r Is :l

function of both the electron energy and pitch angle.

In Figure 14, two plots of r vs. pitch angle are shown. In panel

(a) of this figure, the reflection coefficients of 0.5 keV electron.;

are shown, whereas in panel (b) those of 5 keV electrons are

illustrated. As can be seen in Figure 14, the reflection coefficient r

drops rapidly from one to zero within a couple of degrees in both

panels (a) and (b). However, the pitch angle at which r begins to drop

is a function of electron energy. This effect Is due to the parallel

electric field, and is consistent with the fact that in the presence ol

a parallel elctric field, the loss cone boinlary I-, a hypt-rhol.|. At

any rate, it Is clear that using the electron mv'an tre pi~ths slhwlu II

panel (a) of Figure 13, \a is about two degrees. However, dec re.aiI n ',
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the Ixlwn free paths by a factor of three or four would al low r to drop

from o.q to 0.1 within half degrees or less. Since in this study we

have only considered ionization cross sections, and have ignored other

types of collisions like elastic and Coulomb collisions, it is possible

that electron mean free paths are indeed smaller than those shown in

Fipure 13. In that case, A - 0.5 degrees could he a reasonable value.

-A.



25

V. DISCUSSION AND CONCLUSION

The aim of this study has been to see if a typical electron dis-

.ribution function measured in the auroral region by the S3-3 can

sufficiently amplify R-X mode waves. It has been demonstrated that

the electron distribution function measured by the S3-3 satellite

(shown in Figure 6) cannot result in sufficient amplification of waves,

and that much steeper slopes at the edges of the loss cone are

required. By artificially steepening the velocity space gradients at

the edge of the loss cone, we have shown that the angular width of the

edge of the loss cone must be zi - 0.5 degrees in order to have ade-

quate growth. Assuming that backscattered electrons and ionospheric

electrons are negligible, computations of the absorption of elect- ,is

by collisions with the neutral atmosphere shows that the edge of the

loss cone can have a width as small as Aa 2 degrees. However, incii-

sion of the elastic and Coulonb collisions in the electron mean free

path (-) calculations and also the uncertainty in the atmospheric

neutral densities could decrease £ by a factor of 3 or more which would

then reduce A, to about 0.5 degrees. Thus, loss cone edges with widths

as small as %u - 0.5 degrees are in principle possible. Future

observations and more detailed theoretical study of the backscatiertng

of downgoing electrons with the ionospheric particles are needed to

estabhIhsh whii her such st-eep velocity gradients actilally I-xi-it. At

present, no measurements are available with sufficiently good angular

A All
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resoli htIon to resolve such steep gradients. Measurements of this type

.iro needed and should he made on future auroral missions.

Finally, a few comments on the laser feedback model proposed for

the gnen&, rat Ino of AKR by Calvert 19821 are in order. In this modv]

density irregitlartlies are employed to partially reflect the waves and

thereby allow an oscillator type mechanism to operate. It has been

pointed out by Calvert (19821 that in this model, a total wave growth

of about 40 dB3 per loop is required. It is clear from Figure 7 that

again such gains cannot be achieved by the electron distribution func-

tion shown in Figure 6. In addition, since a wave propagating along a

loop will at some portions of the loop (downgoing side) resonate with

the downgoing electrons and most probably be damped (see Omidi et al.,

11984)), the ampli Ication along the uppgoing portion of the loop will

have (o compeunsite for this damping. This again demonstrates the need

for steeper slopes in the loss cone, if the cyclotron maser mechanism

Is to remain a viable one.

.- N oi
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TABLE 1

Ray Y - fgo/f 1 oin degrees i in degrees
Number 0 0 

-I

1 0.997 850 900

2 0.997 800 0.00

3 0.992 850 900

4  0.992 850 0.00

5 0.990 850 900

6  j 0 .990 85 200

fgo = 160 kHz

fp -- 0.05 fg

fgo - 0.9975

0 f R.0

YMai,
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FIGURE CAPTIONS

Figure I In la, the coordinate systems (i, j, k) with k along

the magnetic pole and (x, y, z) whose origin is the

launching point for all rays are shown. Note that

(x, y) plane forms the stratified plane. In lb the

index of refraction surface and the wave normal angle

u and the azimuthal angle , are shown. (X', Y', z')

is parallel to (x, y, z).

Figure 2 Typical ray paths for four waves are shown. Rays (a)

and (b) propagate in the front meridian plane,

whereas rays (c) and (d) travel in the longitudinal

as well as radial and latitudinal directions. Rays

(a) and (c) have frequencies near the cutoff wihvroa.1

rays (b) and (d) have frequencies much above the

cutoff.

Figure 3 Variations of ' as a function of path length are

shown for rays #1 through #6. The total path length

for each ray is 100 km. Note that rays #1 and #2

with f near fR=O suffer more refraction than r.jys

#3 through #6.

iI
:MINIMUM
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Figure 4 Variations of magnetic latitude and longitude of

rays #1 through #6 are shown. The total path length

for each ray is 400 km. Ali rays are started at the

magnetic latitude of 70' and longitude of O.

Figure 5 Growth and damping rates of upgoing AKR as a function

of frequency for four wave normal angles are shown.

wi was computed by using the exact distribution

function measured by the S3-3 satellite, run #~1.

Figure 6 The electron distribution function measured by the

S3-3 satellite and the loss cone boundary are shown.

This distribution was used in run #1. In runs W2 and

#3, the region below the loss cone boundary was

assumed to be empty.

Figure 7 The number of e-foldings that the wave electric field

grows or damps by (g), as a function of path length

(L) for run #1.

Figure 8 Growth rates of AKR with 112 at 3 km below the

mirroring point M1 (run #2).

Ftfure 9 The number of e-foldings that the wave electric field

grows by (g), as a function of path length (L) for

run #2.
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Figure 10 Growth rates of AKR with M2 at 70 km below M, rtiii

#3) for o between 80' and 60.

Figure 11 Growth rates of AKR with M2 at 70 km below ml (run

#3) for -i between 550 and 35% .

Figure 12 The number of e-foldings that the wave electric field

grows or damps by (g), as a function of path length

(L) for run #3.

Figure 13 Electron mean free path plotted as a functton of

altitude. In 8a the "maximal" model for tLhe

atmospheric densities are uses, whereas in 8h the

"minimal" model is utilized.

Figure 14 Plots of r vs. pitch angle for electron energies of

0.5 and 5. keV.
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